The micro-complement-fixation assay has been demonstrated to be a sensitive assay for flagella which occur in nanogram amounts. By use of this assay, it was found that flagellar synthesis occurs during starvation of Salmonella typhimurium for tryptophan, an amino acid not present in flagellar protein. Under these conditions net ribonucleic acid (RNA) synthesis was reduced to approximately 10% of the control rate. Less than 1 ,ug of actinomycin D per ml further reduced RNA synthesis to less than 1 % of the control rate in a culture sensitized by prior treatment for 5 min at 37 C with 5 X 10-4 M ethylenediaminetetraacetate in 0.33 M tris(hydroxymethyl)aminomethane-chloride (pH 8.0). In the presence of actinomycin D, no synthesis of flagellar protein could be detected. Analysis of fractions of RNA separated by zone centrifugation indicated that actinomycin D reduces the production of template RNA as well as of ribosomal RNA. This suggests that in S. typhimurium the production of flagellar protein requires the concomitant synthesis of RNA. There is no evidence that a stable messenger RNA specific for flagellar synthesis is present.
The micro-complement-fixation assay has been demonstrated to be a sensitive assay for flagella which occur in nanogram amounts. By use of this assay, it was found that flagellar synthesis occurs during starvation of Salmonella typhimurium for tryptophan, an amino acid not present in flagellar protein. Under these conditions net ribonucleic acid (RNA) synthesis was reduced to approximately 10% of the control rate. Less than 1 ,ug of actinomycin D per ml further reduced RNA synthesis to less than 1 % of the control rate in a culture sensitized by prior treatment for 5 min at 37 C with 5 X 10-4 M ethylenediaminetetraacetate in 0.33 M tris(hydroxymethyl)aminomethane-chloride (pH 8.0). In the presence of actinomycin D, no synthesis of flagellar protein could be detected. Analysis of fractions of RNA separated by zone centrifugation indicated that actinomycin D reduces the production of template RNA as well as of ribosomal RNA. This suggests that in S. typhimurium the production of flagellar protein requires the concomitant synthesis of RNA. There is no evidence that a stable messenger RNA specific for flagellar synthesis is present.
The currently accepted scheme of bacterial protein synthesis hypothesizes the mediation of unstable messenger ribonucleic acid (mRNA) molecules which decay in less than 5 min (10, 12, 17) . However, certain observations resulting from inhibition of RNA synthesis have suggested that some bacterial proteins are translated from relatively stable mRNA molecules. The formation of glucozymase and the catalase of Staphylococcus aureus Duncan, unlike the formation of fl-galactosidase and the catalase of S. aureus Dunn, is resistant to inhibition by 8-azaguanine at most stages in the growth cycle (5) . In Bacillus subtilis, under appropriate conditions, less than 1 ,ug of actinomycin D per ml stimulated synthesis of inducible penicillinase and extracellular ribonuclease, although synthesis of extracellular a-amylase and inducible a-glucosidase was inhibited (4, 25) . Spore formation in B. cereus simultaneously becomes resistant to 5-fluorouracil (50 jig/ml), 8 -azaguanine (100 Ag/ml), and actinomycin D (10 ,g/ml) (1). The of labeled amino acids into flagellin appeared to be unaffected by starvation of B. subtilis under conditions which suppressed RNA synthesis by 80 to 90% and completely inhibited the synthesis of inducible a-glucosidase and constitutive 3-galactosidase (21) . The synthesis of antibodyprecipitable flagella continued in ethylenediaminetetraacetate (EDTA)-treated Salmonella typhimurium in the presence of 20 ,ug of actinomycin D per ml, which suppressed bacterial RNA and protein synthesis by 90% and inhibited the synthesis of inducible ,3-galactosidase (18) . McClatchy and Rickenberg (18) concluded that flagellar synthesis may be mediated by longlived mRNA. However, it is important to note that significant RNA synthesis did occur during the synthesis of flagellar protein.
The present study resulted from an initial observation that the reappearance of motility in a deflagellated culture was inhibited by the presence of a high concentration of actinomycin D in an unsensitized culture of S. typhimurium. EDTA treatment was subsequently used to sensitize the cells to low concentrations of actinomycin D. Since cellular motility as a measure of flagellar regeneration is dependent on the critical length of a flagellum, a more sensitive assay for the synthesis of minute quantities of flagellar protein was needed. The micro-complement-fixation method was adapted as a specific and sensitive AAMODT Preparation ofantiflagellar antiserum. Flagella were mechanically detached from cells grown in nutrient broth and were purified by differential centrifugation (15) . The flagellar preparation was further purified by passage through a diethylaminoethyl cellulose column as described by Martinez (20) . After a final centrifugation, the flagellar pellet was suspended in 0.1 M phosphate buffer (pH 7.0).
Nonpregnant New Zealand female rabbits were immunized with flagella by subcutaneous injections in the toe pads. An initial injection of 400 ,ug of protein in 0.3 ml was followed by 200 Ag at 3 months and 100 ,ug at 3.5 months. The animals were bled 1 week after the final injection, and the serum was titered by an immobilization test.
Assay of flagellar antigen by micro-complementfixation. Flagellar antigen present in the supernatant fluid from deflagellated cells was assayed by the microcomplement-fixation assay described by Wasserman and Levine (29). A portion of the culture was added to an equal volume of cold 0.02 M Veronal buffer (pH 7.2) and the mixture was centrifuged at 5,000 rev/min for 20 min in a Sorvall refrigerated centrifuge. The pellet of cells was resuspended in 2.0 ml of Veronal buffer (pH 7.2) and the cells were deflagellated in a Sorvall Omni-mixer micro-homogenizer for 2 min. After centrifugation at 9,000 rev/min for 15 min, the pellet was discarded. Dilutions of the supernatant fluid were made in tubes to a final volume of 0.8 ml of cold Veronal buffer. An 0.2-ml amount of a complement dilution that gave 70 to 90%0 lysis of sensitized cells in the control tube without antigen was added. An 0.2-ml amount of an antiflagellar antiserum was added at a dilution previously determined to fix a small but measurable amount of complement in the equivalence zone. After the tubes had been incubated at 4 C for 18 hr, 0.2 ml of a suspension of sensitized sheep red blood cells at a concentration of approximately 5 X 108 cells per ml was added to the tubes and they were incubated for 1 hr at 37 C. The tubes were immersed in ice water to stop hemolysis and were centrifuged at 1,800 rev/min for 10 min. The optical density readings, determined on the supernatant fluid at 413 nm, were subtracted from the optical density readings of the controls which had no antigen to obtain the change in optical density. An arbitrarily chosen midpoint of the curve relating the change in optical density to the log of the antigen concentration served as the end point of the assay. labeled culture by immediately pouring the culture over ice and centrifuging the cells at 9,000 rev/min for 10 min. The pellet was suspended in cold extracting medium [0.01 M tris(hydroxymethyl)aminomethane (Tris)-chloride buffer (pH 7.6), 0.06 M KCl, 0.006 M ,B-mercaptoethanol, 0.01 M magnesium acetate] at a concentration of approximately 1 g of cells (wet weight) per 2 ml of extracting medium. The suspension was passed through a French press at 9,000 psi and was collected directly into an equal volume of cold 80% phenol with constant mixing. After 30 min of mixing, the phenol mixture was centrifuged at 14,000 X g for 20 min, and the supernatant fluid containing the nucleic acids was carefully removed. One-tenth volume of 10% NaCl and 2.5 volumes of cold 95% ethyl alcohol were added to the supernatant fluid, mixed well, and allowed to stand overnight at 4C. The insoluble nucleic acids were collected by centrifugation at 1,700 X g for 15 min, and the pellet was allowed to drain thoroughly. Three volumes of cold water were added to resuspend the pellet, and the solution was made up to 10% by the addition of solid NaCl, mixed well, and allowed to remain in the cold overnight. The RNA insoluble at a high salt concentration was separated from the soluble RNA and deoxyribonucleic acid (DNA) by centrifugation. The pellet was washed with cold 66% ethyl alcohol, dissolved in a small volume of water, and assayed.
Sucrose gradients. Linear sucrose gradients were prepared with 5 and 25% sucrose solutions containing 0Q1 M Tris-chloride (pH 7.6) and 0.02 M NaCl. An 0.2-ml sample volume containing 200 ,g of RNA was layered onto 5-ml gradients; the 30-ml gradients were layered with 1.5-ml samples containing approximately 1.5 mg of RNA. The gradients were centrifuged in a Spinco ultracentrifuge, model L2, at 4 C; 5-ml gradients were centrifuged for 6 hr at 35,000 rev/min, and 30-ml gradients were centrifuged for 24 hr at 25,000 rev/min.
Nucleic acid chromatography. Descending paper chromatography for the determination of nucleic acid composition of a 100-,ug sample of RNA was carried out in an isobutyric acid-ammonium butyrate system by a method based on that of Elson et al. (8) . The three separated spots were cut out and eluted with 0.1 M phosphate buffer (pH 7.0). The concentrations of the nucleic acid bases were determined according to the formulas of Brawerman and Chargaff (3).
Template activity. The ability of an RNA fraction to stimulate the in vitro incorporation of amino acids was tested by measuring the incorporation of a radioactively labeled amino acid into protein in an Escherichia coli cell-free system. The method used was based on the procedure of Matthaei and Nirenberg (22) as modified by Eisenstadt and Brawerman (7) . 1.2 ml, the arbitrary midpoint of the equivalence zone shows that 75 ng of purified flagellar protein combined the greatest amount of complement in the antigen-antibody complex. This combination caused the least release of hemoglobin from sensitized red blood cells, thus giving the greatest difference in optical density from that released by 100% lysed cells. In practice, the amount of flagellar antigen per milliliter of an unknown sample was determined by the following ratio: nanograms of standard antigen at the midpoint for a given antibody dilution/milliliters of undiluted unknown antigen at the midpoint. If the flagellar antibody bound complement specifically in the presence of flagella, it was assumed that no complement would be bound in the presence of deflagellated cells. Consequently it was surprising to find that deflagellated cells contained about 5% the amount of complementfixing antigen as fully flagellated cells. This antigenic material was probably due to trapped flagella and not to cellular antigenicity, because a 10-fold reduction in antigen was achieved by washing the deflagellated cells three times (Fig.  2 ). Figure 2 also shows a comparison of the flagellar assay when whole cells and the supernatant fluid of deflagellated cells were used. Although the supernatant preparation was more tedious to prepare and gave slightly lower assays of antigen than did whole cells, the deflagellated supernatant fluid was used in subsequent assays because the height and shape of the equivalence zone curves obtained with the supernatant fluids were more consistent than those obtained with the whole cells. Control experiments demonstrated that the amount of complement fixed is directly proportional to the amount of flagellar protein present.
A further demonstration that this assay is specific for flagella is shown in Fig. 3 in which the recovery of motility and the appearance of complement-fixing antigen in the supernatant fluid of (Fig. 8, plus actinomycin D) was not consistently seen. The basal level of flagellar antigen is presumably due either to the removal of short pieces of flagella observed by Zone centrifugation of RNA extracts. To characterize the effect of actinomycin D on specific RNA species, a study of the normal characteristics of RNA separated by zone centrifugation was carried out. Themajority of RNA from Salmonella appears in two regions during zone centrifugation. Such bands were found in the same relative positions as the ribosomal 16S and 23S bands formed by E. coli RNA. The distribution of incorporated '4C-uracil (0.02 ,uc/ml) in an EDTA-treated culture differs after a pulse of 0.5 min and a pulse of 4 min (Figs. 9a, lOa) . A 4-min pulse labels the major bands of RNA but has the highest specific activity between 8S and 16S. An 0.5-min pulse characteristically labels only RNA which is distributed in the 8S to 12S region. This region may contain unstable RNA as described by Gros et al. (9) and may also include some ribosomal precursor RNA (23) .
Various fractions of a series of gradients of RNA from cells pulsed with uracil for 0.5 min were pooled and precipitated with ethyl alcohol. The fact that not all of the pulse-labeled RNA is precursor to ribosomal RNA is substantiated by its base composition which differs from that of bulk RNA (Table 1 ). The 8S to 12S fraction, which has the highest specific activity, is also found to have the greatest stimulatory effect on amino acid incorporation in a cell-free system. These are characteristics of mRNA although they do not identify this fraction with the mediation of a specific protein synthesis.
The presence of 1.0 ,ug of actinomycin D per ml reduces the incorporation of '4C-uracil during an 0.5-or a 4-min pulse to less than 1% of the control without actinomycin D (Fig. 9b, lOb) . The distribution of the incorporated label demonstrates that actinomycin D inhibits the synthesis of all RNA species insoluble at high salt concentrations, including the species which most resemble mRNA. Although transfer RNA was not included in the zone centrifugation studies, it can be calculated from in vivo incorporation experiments to be essentially unlabeled in the presence of actinomycin D.
DISCUsSION
The micro-complement-fixation assay has been shown to be an excellent method of assay for flagellar antigen. It has obvious advantages over labeled precursor incorporation, since it can be used under nongrowing conditions. Its advantages over the observation of motility have already been mentioned. It permits the detection of synthesis of flagellar antigen immediately after suspension of a deflagellated culture in medium which allows regeneration and continues to measure an increase of flagellar synthesis when the maximal number of cells has become motile.
S. typhimurium SL 282 was confirmed to be a stringent, tryptophan-requiring strain which, during amino acid starvation, synthesizes RNA (26) .
Although it was not directly demonstrated that the synthesis of flagella-specific mRNA was inhibited by actinomycin D, the studies on RNA fractionated by zone centrifugation demonstrated that actinomycin D gave a 99% inhibition of the synthesis of RNA characterized by a high rate of synthesis, a base composition which tends to resemble that of DNA, and an ability to act as a template in cell-free synthesis. These are functional and physical properties characteristic of mRNA. A similar requirement for RNA synthesis during flagellar regeneration in B. subtilis has recently been demonstrated by Dimmitt et al. (6) .
In conclusion, we have shown that, during normal growth as well as during tryptophan starvation, RNA synthesis is necessary for flagellar synthesis and that there is no substantial pool of subunits capable of polymerization in the absence of RNA synthesis. There is no evidence for a flagella-specific mRNA with an unusually long lifetime. 
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